It is shown that unidirectionally aligned carbon nanotubes can be grown on electrically conductive network of carbon microfibers via control of buffer layer material and applied electric field during dc plasma chemical vapor deposition growth. Ni catalyst deposition on carbon microfiber produces relatively poorly aligned nanotubes with significantly varying diameters and lengths obtained. The insertion of Ti 5 nm thick underlayer between Ni catalyst layer and C microfiber substrate significantly alters the morphology of nanotubes, resulting in much better aligned, finer diameter, and longer array of nanotubes. This beneficial effect is attributed to the reduced reaction between Ni and carbon paper, as well as prevention of plasma etching of carbon paper by inserting a Ti buffer layer. Such a unidirectionally aligned nanotube structure on an open-pore conductive substrate structure may conveniently be utilized as a high-surface-area base electrodes for fuel cells, batteries, and other electrochemical and catalytic reactions. and probe tips for atomic force microscope ͑AFM͒. 2,11 While there have been a very large number of publications on nanotube growth and their applications, engineering the shape of CNTs is an important issue for successful applications of nanotubes. Aligned and well separated CNT morphology is important for many potential applications, where a high electric-field concentration is needed as in field emission applications, and where a large surface area is desirable as in catalytic reactions, such as fuel cell or battery applications.
Carbon nanotubes ͑CNTs͒ have emerged as a new and attractive class of materials with unique electrical, mechanical, and various physical and chemical properties. [1] [2] [3] Potential applications include nanoelectronic devices, 4-7 catalyst supports, 8 storage materials for hydrogen and other gases, 9, 10 and probe tips for atomic force microscope ͑AFM͒. 2, 11 While there have been a very large number of publications on nanotube growth and their applications, engineering the shape of CNTs is an important issue for successful applications of nanotubes. Aligned and well separated CNT morphology is important for many potential applications, where a high electric-field concentration is needed as in field emission applications, and where a large surface area is desirable as in catalytic reactions, such as fuel cell or battery applications.
The growth of CNTs by dc plasma-enhanced chemical vapor deposition ͑CVD͒ involves many processing parameters, such as bias field, plasma power, temperature, chamber pressure, and feed gas composition. In general, the diameter and distribution of CNTs synthesized by CVD processing are dependent on the morphology of catalyst particles or layer. The shape of CNTs can be controlled by the applied bias voltage, the nature of catalyst and buffer layer deposition as well as the composition of plasma in a dc plasma-enhanced CVD process. 12, 13 The growth direction of the nanotubes can be controlled by the electrical field related to either applied bias or plasma induced bias, which is often perpendicular to the substrate surface. More recently, multiple sharp bending of CNTs to produce a zig-zag morphology has also been demonstrated by repeatedly altering the applied field directions.
14 Such an alignment of CNTs has been demonstrated mostly on flat surfaces, and there have been few reports on aligned CNT growth on a fiber-configured substrate.
It is well known that CNT nucleation and growth occurs mostly on semiconductive Si substrate as well as electrically insulating ceramic substrates. Reports of CNT growth on conductive substrates has been scarce up until now. The lack of high electrical conductivity of substrate limits the applications of CNTs in many applications including electrochemical reactions or electronic interconnection applications. If the CNT arrays can be grown on a conductive substrate, and in a well aligned and mutually separated configuration, it can be very useful for applications, such as fuel cells, whereas as a high-surface-area electrode support for catalyst particle loading. Carbon microfibers which constitute what is commonly known as "carbon paper" has highly porous and electrically conductive characteristics, which can be a good candidate for the ideal three-dimensional electrode support if nanotubes with high surface area can be grown with an optimum morphology. Recently, nonaligned CNT were grown on carbon papers by thermal CVD process for fuel cell applications. 15 In the present work, we demonstrate the growth of vertically aligned and well separated CNTs on electrically conductive carbon microfiber by using the dc plasma-enhanced CVD technique, and discuss the effect of processing parameters on nanotube morphology.
Vertically aligned CNTs with different morphologies were grown by dc plasma-enhanced chemical vapor deposition process on a carbon paper substrate ͑procured from ElectroChem. Inc., Woburn, MA͒. A catalyst layer coating of either nickel only ͑ϳ5 -15 nm thick͒ or a double layer of titanium deposition followed by nickel deposition ͑Ti/ Ni ϳ 5-10 nm/5-15 nm͒ was added by sputter deposition on the carbon paper substrates. Prior to the onset of nanotube growth, the substrate with the catalyst film was heated to ϳ700°C in a H 2 atmosphere to break up the Ni film into isolated nanoislands with an average diameters of 30-150 nm depending on the nature of the catalyst metal deposition. The base pressure of the CVD chamber was maintained at ϳ5 ϫ 10 −2 Torr during the H 2 treatment. Ammonia gas ͑NH 3 ͒ was then fed into the chamber to replace the H 2 gas. A dc bias of 450, 500, 550, or 600 V was applied between the anode and the cathode to create the plasma and grow CNTs with different morphologies. The distance between anode and cathode was kept at ϳ1 cm. The acetylene gas ͑C 2 H 2 ͒ was then added to the chamber to start the growth of multiwall nanotubes, with a flow rate at 30 sccm with the total NH 3 and C 2 H 2 pressure at ϳ3 Torr. After being held in the plasma for ϳ5 -20 min, nanotube growth on the carbon microfibers with a typical length of ϳ0.5-2 m. Field emission scanning electron microscopy ͑SEM͒ was performed with FEI microscope to evaluate the microstructural morphology of the nanotubes grown. High-resolution transmission electron microscope ͑TEM͒ and energy dispersion spectrometry ͑EDX͒ were carried out with Jeol JEM 2010 microscope operated at 200 keV to analyze the structure and composition of carbon nanostructure.
The carbon paper substrate is composed of carbon microfibers with an average diameter of ϳ5 m. A threedimensional network structure is formed with the carbon microfibers randomly arranged and bonded by a paste. To grow aligned CNTs on a carbon microfiber substrate, a 10 nm thick Ni film was sputter deposited as a catalyst layer. The CNT growth was carried out using an applied bias voltage from 450 V to 600 V. All other processing parameters including the growth temperature, heating time, and ammonia/ acetylene gas composition were kept constant.
Shown in Figs. 1͑a͒ and 1͑b͒ are the SEM micrographs depicting the overall configuration of the undirectionally aligned CNTs on a conductive carbon microfiber substrate. The CNTs were grown with 10 nm Ni on 5 nm Ti buffer layer at a CVD temperature of 700°C, and a dc bias voltage at 500 V. It is evident from the figure that the CNTs nucleate and grow well on a carbon microfiber with a desirable configuration of unidirectional alignment toward the anode direction of the applied electric field, mutually separated from each other without any sign of agglomeration. Such a separation is important in order to deposit electrolytic catalyst nanoparticles ͑such as ϳ5 nm size Pt nanoparticles͒ on the nanotube surface in high density, and also to ensure that all of the Pt nanoparticles are exposed for maximum catalytic reaction.
The morphology of CNTs grown on carbon microfiber depends much on processing details. Figures 2͑a͒-2͑d͒ shows the SEM images of CNT samples for 20 min growth as a function of applied bias voltage. While some alignment of nanotubes occurs, the degree of alignment does not appear to be outstanding. The diameter and length of nanotubes show a significant variation. The striking difference in CNT morphology induced by the voltage change is apparent from the figures. At a lower bias field of 450 V, nanotubes shorter than 1 m were grown vertically as shown in Fig. 2͑a͒ . The Ni catalyst particles with significantly varied diameters are present on top of all nanotubes indicating the occurrence of tip-growth mechanism. In contrast to the 450 V sample, the 500 V sample ͓Fig. 2͑b͔͒ shows the longer and forestlike nanotube structure, with length more than 1.5 m and better alignment. It is also noticeable that there are still some short tubes grown on the substrate, which exhibit a large variation in diameter. For a higher applied voltage of 550 V, Fig. 2͑c͒ , short nanotubes with small diameter, ranging from 20 to 50 nm, grow together and form a clumplike structure. In addition to the main nanotubes, some ultrafine nanotubes with a diameter of less than 10 nm, are observed. At an even higher bias of 600 V, Fig. 2͑d͒ , nanotube clumps grow longer into a Christmas tree shape, in which more ultrafine branched nanotubes grow together with coarse nanotubes.
To modify the morphology of CNTs grown on carbon microfibers, we add a Ti buffer layer of 50 A under the 100 A Ni catalyst layer. Figures 3͑a͒-3͑d͒ show the SEM images of CNT samples. At lower bias fields of 450 V and 500 V, similar aligned and nonuniformly distributed nanotubes were grown from the carbon paper substrate. However, the CNT diameter gets smaller and more uniform, with their length increasing noticeably As a result, the nanotube distribution density also becomes higher compared to that for CNTs grown from the pure Ni catalyst. 
tubes, some ultrafine nanotubes are occasionally observed.
At an even higher bias of 600 V, Fig. 3͑d͒ , the growth of ultrafine nanotubes is more significant and they form a clumplike nanotube structure again, although they are still taller than those grown from pure Ni catalysts. As seen in Figs. 2 and 3 , a significant improvement of nanotube growth morphology, such as diameter, length, and distribution, is obtained by addition of Ti buffer layer. The average diameter of the catalyst particles from the Ni film ranges from 30-100 nm, which is decreased by the addition of Ti layer. The density and size distribution of catalyst particles improves with the addition of Ti. Such effects are ascribed to the change of adhesion of metal on carbon fiber as well as the prevention of any undesirable reaction between Ni and carbon microfibers by the insertion of a Ti layer between carbon fiber and Ni catalyst layer. It is also worth noting that the growth rate of nanotubes is raised by the insertion of a Ti layer under the same processing conditions. The nanotube growth rate is determined by the number of carboncontaining species impinging on the catalyst surface, by the rate of their adsorption, decomposition, and desorption of reaction byproducts, and by the diffusion and precipitation of carbon species. As reported in previous papers, there must be an optimum plasma composition for a high growth rate. 16, 17 For the growth of nanotubes directly on carbon microfibers, the occurrence of plasma etching in plasma-enhanced CVD growth of nanotubes on these carbon microfibers creates the additional carbon-contained species, which modifies the composition of the resultant species and consequently changes the growth rate. TEM images of the samples grown from Ti/ Ni catalyst at 500 V and 550 V, respectively, for 20 min, are shown in Figs. 4͑a͒ and 4͑b͒ . Figure 4͑a͒ shows the nanotubelike structure with a Ni catalyst cap on top of carbon nanotubes. There is no obvious amorphous carbon layer observed which covers the Ni catalyst. This implies that longer tubes can be obtained if a longer CVD growth time is given. EDX spot analysis indicates that the nanotube matrix contains mostly carbon and trace of Ni. We also learn that catalyst particles are composed of mostly Ni, where no detectable Ti is found. Fig. 4͑b͒ is the TEM micrograph of a main nanotube of ϳ100 nm in diameter from the 550 V sample, where a few tiny nanotubes of ϳ5 -10 nm branch are also formed. The main nanotube is crystalline and mostly formed by carbon. The tiny inclusions, which may be present either inside or on the surface of main nanotube, were identified to be mainly composed of Ni. It is most likely that the small Ni particles, as well as the growth of secondary small nanotubes, are caused by sputtering ͑and redeposition͒ of the main catalyst particles during higher voltage bias CVD. Further microstructural analysis is required to fully understand the detailed structure of the branched nanotubes.
In summary, the growth of vertically aligned and well separated CNT array on an electrically conductive carbon microfiber substrate has been demonstrated by using the dc plasma-enhanced CVD technique. Desirable CNT morphology can be engineered by insertion of an appropriate buffer layer and control of applied voltage during dc plasma CVD growth to cause field-induced alignment, yet avoid the formation of secondary nucleation of finer nanotubes and associated clumping. Such a unidirectionally aligned nanotube structure on an open-pore conductive substrate structure may conveniently be utilized as a three-dimensionally configured, high-surface-area base electrodes for fuel cells, batteries, and other electrochemical and catalytic reactions.
